We report the results of two independent selection experiments that have exposed distinct populations of Drosophila melanogaster to different forms of thermal selection. A recombinant population derived from Arvin California and Zimbabwe isofemale lines was exposed to laboratory natural selection at two temperatures (T AZ : 18 • C and 28 • C). Microsatellite mapping identified quantitative trait loci (QTL) on the X-chromosome between the replicate "Hot" and "Cold" populations. In a separate experiment, disruptive selection was imposed on an outbred California population for the "knockdown" temperature (T KD ) in a thermal column. Microsatellite mapping of the "High" and "Low" populations also uncovered primarily X-linked QTL. Notably, a marker in the shaggy locus at band 3A was significantly differentiated in both experiments. Finer scale mapping of the 3A region has narrowed the QTL to the shaggy gene region, which contains several candidate genes that function in circadian rhythms. The same allele that was increased in frequency in the High T KD populations is significantly clinal in North America and is more common at the warm end of the cline (Florida vs. Maine; however, the cline was not apparent in Australia). Together, these studies show that independent selection experiments can uncover the same target of selection and that evolution in the laboratory can recapitulate putatively adaptive clinal variation in nature.
. Nevertheless, counter examples do exist indicating that clinal selection is not the same everywhere .
Because temperature is a key environmental factor that covaries with latitude, much attention has been focused on thermal selection in Drosophila. In ectothermic organisms such as small insects, body temperature varies with air temperature, resulting in daily and seasonal changes in metabolic rate and correlated processes such as enzyme activities (Lanciani et al. 1990; Berrigan and Partridge 1997; Hochachka and Somero 2002) . Natural selection has shaped the thermal biology of drosophilids, creating a range of phenotypes from desert-adapted species such as Drosophila mojavensis that can withstand temperatures greater than 40
• C (Stratman and Markow 1998) to geographic variation in temperature dependent male sterility (David et al. 2005) to cold adapted species such as Drosophila subobscura that are capable of flight at air temperatures well under 10
• C (Gilchrist and Huey 2004) . In Australian D. melanogaster heat tolerance decreases, and cold tolerance increases with latitude along the east coast cline (Hoffmann et al. 2002) . In North America, however, heat and cold tolerance both increase with latitude and are likely associated with variation in diapause and stress resistance (Schmidt et al. 2005a,b; Schmidt and Paaby 2008) . Despite evidence for parallel North-South differentiation in many nucleotide polymorphisms in both North America and Australia (Turner et al. 2008) , it is not yet clear if parallel clines are controlled by selection on the same phenotypes or the same set of interacting nucleotide polymorphisms. Studies seeking to dissect the genetic bases of these clinally varying traits would be generally informative about the repeatability of natural selection in the wild (Paaby et al. 2010) . One approach to this problem is to map quantitative trait loci (QTL) for thermal traits. Several studies have identified QTL in D. melanogaster that are correlated with population differences in thermotolerance. Loeschcke and colleagues have identified thermal tolerance QTL segregating between two geographically distinct populations of D. melanogaster that had been selected for high versus low resistance to thermal knockdown (Norry et al. 2004; Vermeulen et al. 2008a,b) . Morgan and colleagues used two different inbred laboratory stocks that happened to differ in thermotolerance to identify QTL for both high and low temperature resistance (Morgan and Mackay 2006) . Comparing these two studies, there is some potential overlap of QTL for hightemperature resistance spanning the Hsp70 region on chromosome 3R, but the QTL windows are sufficiently broad that it is difficult to say that the same genes are implicated in these two different mapping populations (Norry et al. 2004; Morgan and Mackay 2006) . Verifying QTL in independent populations is a critical way forward in establishing meaningful associations between genotype and phenotype.
Given the relative ease of selection for thermal traits in the laboratory (Cavicchi et al. 1985; McColl et al. 1996; Gilchrist and Huey 1999) , and the ample evidence for clinal variation in thermal traits in nature (Umina et al. 2005; Hoffmann and Weeks 2007; Schmidt and Paaby 2008 ), the Drosophila model provides an opportunity to test the hypothesis that thermal QTL discovered from selection on thermotolerance are associated with clinal variation. The repeatability of evolution remains an open question in current research (Simoes et al. 2008) , and comparisons between laboratory and natural selection provide one means of seeking general properties that may have contributed to adaptive variation. In this article, we present results from linkage mapping of artificially selected lines from two rather different thermal selection experiments and examine the clinal variation of the QTL identified. The striking correspondence of QTL from these two experiments, and the direction of clinal variation of the QTL in nature, strongly suggests a common target for natural and artificial selection. The genomic region identified further implicates a connection between the perception of photoperiod and resistance to thermal stress.
Materials and Methods

LABORATORY NATURAL SELECTION
The "T AZ " recombinant populations were established from isofemale lines of D. melanogaster collected in Arvin, CA (North America; line Arv 3) and Zimbabwe (southern Africa, line Zim 6). Both lines were provided by Chip Aquadro and had been maintained in vial culture for several years rendering them inbred to an unknown degree. Virgin males and females (∼50 of each) from each line were separated, reciprocally crossed between Arvin and Zimbabwe, and egg collections were made. Equal numbers of eggs from each direction of the cross were seeded into four replicate populations (AZ1-AZ4); each population was reared for ∼25 discrete 18-day generations at 25
• C. This initial phase of laboratory evolution allowed for chromosomes to recombine and segregate. This recombination phase will reduce linkage disequilibrium and should allow loci harboring thermally sensitive allelic variation to respond to selection more independently than if the temperature selection been imposed soon after hybridization. Two of these populations (AZ1 and AZ3) were each divided to form four distinct replicate lines for laboratory natural selection. Two lines each from the AZ1 and AZ3 populations were reared at 18
• C for ∼25 generations (hereafter referred to as AZ1C1, AZ1C2, AZ3C1, AZ3C2; the "C" referring to "cold" and the final number to replicate line within that temperature). The other two lines from the AZ1 and AZ3 populations were reared at 28
• C for ∼45 generations (hereafter referred to as AZ1H1, AZ1H2, AZ3H1, AZ3H2; the "H" referring to "hot" and the final number to the replicate line). The difference in the number of generations was due to faster generation time at 28 • C.
These culture conditions imposed "laboratory natural selection" due to differential growth, survival, and mating of individual genotypes in replicate experimental populations at two temperature treatments. All populations were maintained in population cages provisioned with four 180 mL food bottles containing 30 mL of cornmeal/yeast extract/dextrose/agar food, seeded with a pinch of dry yeast. The Cold (18
• C) lines were maintained on a 24-day cycle, with 20 days from egg to adult and four days on new food bottles to continue mating and laying eggs. From day 17 to 20, the caps of the food bottles were removed allowing flies to escape into the cage and mate freely among culture bottles within a cage. At day 20, the old bottles were removed, fresh bottles were added to the cage, and egg laying continued for four days. The Hot (28 • C) were maintained on a 12-day cycle with nine days from egg to adult and two days to continue mating a laying eggs. At day nine, caps were removed from the bottles allowing flies to escape into the cage and mate freely. At day 10, four fresh bottles were placed in each cage, and egg laying continued until day 12. These schedules were maintained to allow for high, and approximately equal, population densities at the two temperatures but no effort was made to maintain populations at specific sizes. For both the Hot and Cold cages, at the end of egg laying, all adults were tapped out of each culture bottle, the bottles were labeled and the post-reproductive adults were frozen for later DNA analysis. The first several generations were frozen, and then samples were frozen every five generations thereafter.
KNOCKDOWN ARTIFICIAL SELECTION
The flies used in this experiment were sampled from a large, outbred population (∼1000 isofemale lines) of D. melanogaster that was collected by Larry Harshman and Michael Turelli at Escalon, California in 1991. Selection was performed in a Weber column with a water jacket connected to a circulating heater (Thermo Scientific, Haake DC10), as described previously (Gilchrist and Huey 1999) . The column is stabilized at 30
• C and then approximately 1000 flies from one line are poured into the column from the top. Water temperature is then ramped up to 50
• C and pumped through the water jacket, gradually raising the temperature within the column at a rate of about 0.4 • C per minute. As the temperature rises, the flies begin to fall out of the column, where they are collected at 0. Umina et al. (2006) . An average of 40 alleles was sampled for estimating allele frequencies (range 10-82; two populations were excluded with low sample sizes: "I" and "T" from Umina et al.) . Both collections had been in the laboratory for about four years at the time of scoring.
MICROSATELLITE ASSAYS
A set of 26 microsatellites spanning the three major chromosomes was used for linkage mapping (Schug et al. 1998 ). Four were monomorphic in all of the populations assayed leaving the 22 shown in Table S1 . For the T AZ selection, alleles were scored simply as "Arvin" or "Zimbabwe" as these parental lines carried diagnostic alleles. Eleven of the 22 loci were polymorphic in the T AZ populations. For the T KD selection lines, alleles were scored by size; 20 of the 22 loci were polymorphic. Flies were prepared using a Tris/NaCl/Proteinase K buffer following the procedures described in Rand et al. (1994) . Microsatellites were amplified in 25-mL reactions using 2 mL of fly homogenate, 2.5 mL of Promega Taq buffer, 2.0 mL of 10 mM dNTPs, 2.5 mM MgCl 2 , 0.3 mL of each primer (from a 10 pM/mL stock), and 0.1 mL of Promega Taq polymerase. Amplification was for 35 cycles of 95 • C for 30 sec, 54
• C for 1 min, 72
• C for 1 min, followed by 10 min at 72
• C. For the initial screen of T AZ and T KD populations, amplified microsatellites were run on an ABI 377 automated sequencer according to the manufacturer's specifications. Fragment sizing was done using ABI GenScan software. All clinal analyses were done on an ABI 3730 at the Hospital for Sick Children in Toronto, Canada. Slight differences in allele sizes were perceivable between these platforms (∼1-2 bp across runs), but common alleles allow us to place different datasets in register. At the DROSEV2 locus, the common alleles were binned into size classes 140 and 152, based on the 3 bp repeat unit and comparison of allele frequency data from the laboratory and cline samples centered on different lengths (e.g., 139 and 151 vs. 141 and 153). Samples of flies were scored from each replicate population from the T AZ lines at generation 0, and 18 for the Cold populations and generation 0 and 35 for the Hot populations. For some X-linked microsatellite markers, samples were scored at generations 6, 12, 20, and 25 to confirm frequency trajectories between the starting and ending values. Allele frequencies were estimated from samples of 18 females per population, providing a maximum sample size of 36 alleles for each microsatellite. Some individual PCR reaction failed resulting a range of sample sizes from 36 to 12 with an average of 27 alleles across loci and populations (low values were for loci other than band 3 markers that became the candidate region). For the T KD lines, samples of five females from each of three replicate populations, in each of the two temperature treatments (High and Low) were scored for 20 microsatellite markers after 40 generations of selection. The lines had been maintained as unselected cultures for more than a year at the time of initial microsatellite sampling. In 2004, the T KD lines were reselected and subsequently re-sampled for microsatellite variation, and no significant differences were observed between the initial sample and the 2004 re-sample in the candidate QTL region.
Our initial surveys identified cytological band 3 on the X-chromosome as a candidate QTL region. Other studies in D. melanogaster have implicated population differentiation or thermal selection at loci near band 3 (Sawyer et al. 1997 (Sawyer et al. , 2006 Harr et al. 2002 ) so we scored the selection lines for single nucleotide polymorphisms (SNPs) in these loci. DNA was amplified with specific primers, and digested with a diagnostic restriction enzyme (available upon request). Frequencies of "cut" versus "not cut" were scored in each of the Low and High T KD populations. For samples from natural populations, allele frequencies were estimated using available samples from North America and Australia (see above), in the band 3 region. Wider sampling was not done in these samples, but a more extensive study of clinal variation across the D. melanogaster genome has been reported (Turner et al. 2008 ).
STATISTICAL ANALYSIS
A significant association between a marker and selection regime was inferred using several different tests. First, simple G-tests of allele counts in the Hot versus Cold T AZ lines, and in the High versus Low T KD lines, were performed with correction for multiple tests across the 11 polymorphic T AZ markers or the 20 polymorphic T KD markers. Second, a two-level analysis of variance (ANOVA) was performed with microsatellite marker being a random effect, and temperature being a fixed effect. The response variable was arcsin-transformed allele frequencies in each population at the latest sample date. A significant interaction effect of a marker × temperature indicates a locus-specific response to the selection regime. Third, different general linear models were tested in the T AZ and T KD populations that account for differences in allele counts in these different experiments. Because only two alleles per locus were scored for the T AZ lines, we used a binomial GLM with a logit link function, testing selection treatment as a fixed variable and line within treatment as a random effect. For the T KD lines, we used a binomial general linear model (GLM) with a logit link function.
For the fine-scale mapping around the focal QTL, G-tests or Fisher's exact tests were used, comparing the replicate High versus Low T KD populations. Because there are three Low (L1-L3) and six High (E1-E6) populations, G-tests were done across replicate Low and replicate High populations to test for heterogeneity, and were also done for the allele counts pooled across High versus pooled across Low populations. For some markers, certain alleles show no significant allele frequency difference between the Low and High populations, whereas other alleles showed very significant differentiation. When these patterns were clearly replicated across populations (as revealed by G-tests), this was taken as evidence for selection acting on that marker or some factor linked to it. Fixation indices were also used to quantify the net effect of thermal selection. If the fixation index comparing all High to all Low populations (F HL ) was greater than any individual F ST across replicate High or replicate Low populations, this was taken as evidence for an effect of thermal selection on that locus.
Results
LINKAGE DISEQUILIBRIUM MAPPING OF SELECTED POPULATIONS
Two independent thermal selection experiments were conducted using populations of D. melanogaster. Laboratory natural selection was carried out at 18
• C and 28
• C on replicate populations of T AZ flies established from advanced generation samples of a reciprocal cross between two inbred isofemale lines collected in Arvin, CA (North America; line Arv 3) and Zimbabwe (southern Africa, line Zim 6). Disruptive selection for High versus Low resistance to thermal knockdown (T KD ) was carried out on an outbred stock of flies from a wild California sample. Microsatellite variation was scored in replicate "Hot" and "Cold" populations of the T AZ experiment and the replicated "High" and "Low" T KD populations. A time course of microsatellite allele frequencies for the T AZ populations is shown in Figure 1 , and end-point analyses are shown in Figure S1 . A clear separation of Hot and Cold populations is evident at the most distal marker on the X (SGG), but not at other loci. From ANOVA of population allele frequencies, using locus, temperature and date as main effects, there is a highly significant effect of locus and a locus × temperature interaction Table S1 . Numbers on each line represent replicate cage number, as designated in the legend (top panel, see Materials and Methods). A highly significant difference between replicate Hot and Cold cages is evident in band 3 (SGG microsatellites), but not at the other markers on the X, or autosomes (see Table S2 and Fig. S1 ).
(see Table S2 ). Other markers on the autosomes show no clear pattern of replicated differentiation between the Hot and Cold populations (Fig. 1 ). In the end-point analyses (Fig. S1 ), a marker on chromosome 2L and two markers on 3R showed significant differentiation in pooled allele frequencies, but the degree of allele frequency shift was not as dramatic and consistent as that shown at the SGG markers, and is due in part to heterogeneity across replicates (compare Figs. 1 and S1) . Notably, the genotypes across individual flies at SGG and an adjacent marker, DMZW, showed very strong linkage disequilibrium (data not shown), as might be expected for closely linked markers in experimental populations. Microsatellite variation in three replicate High and three replicate Low populations of the T KD lines showed that markers on the X-chromosome had the clearest response to selection (defined as replicate populations showing parallel frequency shiftssee Fig. 2 ). The clearest differences between temperature treatments lie at the DMSGG3 and DROSEV2 markers. The DMZW marker is significantly differentiated in the T AZ population, but not in the initial screen of the T KD populations. Conversely, the DROSEV2 marker is significantly differentiated in the T KD populations, but not in the T AZ populations. A marker on chromosome 3R (DROABDB) is significantly differentiated in both the T AZ and T KD populations, but not to the degree of differentiation seen in at DMSGG3. In Figures S1 and 2 , the allele frequencies at the latest time point are shown, with significance indicated by asterisks ( * = P < 0.05; * * = P < 0.01; * * = P < 0.001; using a binomial GLM model for the T AZ populations, and a Poisson GLM model for the T KD populations, corrected for multiple tests; see Materials and Methods for details). These analyses establish that, in both base populations, a gene (or genes) in linkage disequilibrium with the DMSGG3 microsatellite marker harbors alleles whose fitness(es) depend on temperature. We acknowledge that the rather small sample of markers may have missed other thermal QTL, but even with a very dense screen, common loci in independent populations would warrant further study.
FINER SCALE MAPPING IN THE SHAGGY-PER REGION
The initial scans shown in Figure 2 were done on the T KD population in 2001 approximately two years after the original study (Gilchrist and Huey 1999) . In 2004, these lines had been maintained without selection for several years and three generations of knockdown selection was performed on the three replicate Low (L1-L3) and six replicate High populations (E1-E6) that were extant. We performed a finer scale SNP mapping analysis around the SGG marker region on these re-selected lines. Table 1 and Figures 3 and S2 show the results of finer scale mapping in the shaggy gene region. Notably, the two flanking markers at chromosome band 2F4 and 4C10 show no consistent differentiation between the replicate High and Low T KD lines (for 2F4, pooled G = 1.1, n.s; for 4C10, pooled G = 19.44 <<0.0001, but replicate Low populations show higher levels of differentiation, so no net differentiation is supported; see Table 1 ). These define the maximum breakpoints within which the true QTL lies.
The five other markers in Figure 3 (3A7, SGG, DMZW, per repeats, and Syx4) show varying levels of allele frequency differentiation between High and Low populations. As in the initial screen, the SGG microsatellite shows highly significant differentiation, with the 118 allele more common in the High populations and the 109 allele more common in the Low populations (pooled G = 206, P < 10 −57 , although replicate High lines do show significant differences in allele frequency; see Table 1 ). Figure 3B . The markers on either side of SGG show statistically significant differentiation based on pooled G-tests of individual allele frequencies, but the repeatability across replicate populations is less clear. Marker 3A7 to the left of SGG has a significant increase in the 188 allele in the High populations, but there are individual High populations that are not significantly different from Low populations (L1, L2, L3 are not significantly different from the E5 and E6; see Fig. S2 and Table 1 ). The DMZW marker lies just to the right of SGG and maps within the transcription unit of the shaggy gene. The 92 and 102 alleles at DMZW show no significant differentiation, but the 104 allele shows a significantly higher frequency in the High populations based on pooled data. However, as with 3A7, there is significant allele frequency variation among the replicate High populations, suggesting that selection at DMZW was not consistent (see Table 1 , Fig. S2) . The difference between this result and the initial screen (Fig. 2) lies in the greater number of High populations scored. To the right of SGG and DMZW, the Thr-Gly repeats in the period locus show significant differentiation of the 24 allele, but only when data are pooled across replicate populations. The other alleles do not show significant differentiation between High and Low populations. At the syntaxin4 locus, an Nco I RFLP shows significant differentiation between High and Low when alleles are pooled across all replicates, and when L1-L3 are compared to E1-E3 or E4-E5. High populations E3, E5, and E6 are significantly differentiated from each Low population, but there is clear heterogeneity across High populations in allele frequency.
Collectively, there is strong evidence for a selective event in the region spanning chromosome location 3A7 to 3B4. The SGG marker has the clearest signature of selection as the allele frequency differentiation between High and Low is the greatest and the variation among replicate High and replicate Low populations is lowest ( Fig. 3B ; Table 1 ). It is unclear whether selection favored specific alleles in the High populations or eliminated them from the Low populations. Because Low populations generally lack the allele that appears differentiated, whereas High populations show more variation, selection to remove alleles from the Low populations is more apparent, but the greater number of High replicates makes a firm conclusion difficult.
In an effort to determine if the shaggy gene itself was part of this response, we compared the thermal knockdown profiles of the sgg 1 mutation to a wild-type allele. The mutant has a slightly lower T KD than wild type, but the variance among flies in the mutants was very different from wild type or the High and Low lines, suggesting other background effects (data not shown). Shaggy has many alternatively spliced transcripts and the sgg 1 mutation may not capture the variation among High and Low lines.
CLINAL ANALYSIS OF SGG AND OTHER MARKERS
The repeatability of the response of the SGG marker among independent experimental population (T AZ and T KD ) suggests that these samples from natural populations harbor common variation that is sensitive to thermal selection. To test the hypothesis that the same alleles that responded to artificial selection in the laboratory also show clinal variation with latitude in natural populations, we surveyed allele frequency at the SGG Table 1 . Table 1 microsatellite, and a subset of other loci in the band 3 region, in North American and Australian samples that span latitudinal gradients (see Methods). In North America, SGG is clinal in a direction that mirrors the response to selection for elevated T KD in the laboratory: the SGG-118 allele is significantly increased in frequency in low-latitude samples from Florida compared to higher-latitude samples from Pennsylvania and New Jersey, or from Maine; see Fig. 3C . The other SGG microsatellite alleles do not show significant clinal variation as the mid latitude samples (Pennsylvania and New Jersey) are inconsistent with a trend. In Australia, the SGG marker is not clinal, as inferred from samples at several locations (see Fig. 3D ). The DROSEV2 microsatellite marker showing differentiation in the initial screen (Fig. 2) shows clinal variation consistent with the T KD selection: the 152 allele was enriched in the High populations and is more common at low latitudes in both North America and Australia (North-South frequencies of North Sorell with n = 40 per population: G adjusted = 2.7; ns.). We acknowledge, however, other alleles at DROSEV2 do not show clear North-South differentiation, and heterogeneity among locations within latitudes prevent a significant regression of allele frequency on latitude. In line with these variable results, DROSEV2 was not significantly differentiated in the T AZ experiment, but it does fall in the thermal QTL uncovered by (Norry et al. 2007) , suggesting it has some weak connection to thermal selection. For the DMZW (band 3A), Period and Pon markers, some individual alleles showed clinal trends in North America or Australia, none of the relationships were significant as inferred from regression of allele frequency on latitude, or using G-tests of allele frequency differences. We acknowledge that the sample sizes for some loci were limited resulting in low power to detect trends, but in general, those alleles showing weak clinal trends in wild samples were not the same alleles that showed evidence for differentiation between the divergent T KD populations.
Allele frequencies and genetic differentiation among
The background genomic level of North-South differentiation has been estimated in the same samples of lines we used for our clinal analyses (Turner et al. 2008 ). This study used whole genome hybridization to tiling arrays in a North versus South comparison for separate samples from North American and from Australia and identified thousands of markers with North-South differentiation, but only104 with strong evidence of differentiation in both populations. Two probe regions in the shaggy gene were significantly differentiated in Australia, but not in North America (cf. Turner et al. 2008 , Table S2 ). Notably, the closest flanking markers to the left (distal) and right (proximal) that also show North-South differentiation lie outside the map locations implicating SGG in our study (see Figs. 3 and S2) suggesting that independent loci in this larger genomic region can show latitudinal variation. However, the number of significant probes flanking the SGG region varies as expected with different false discovery rates (cf. Turner et al. 2008 , Table S2 ).
Discussion
Artificial selection in the laboratory for increased performance in alternative thermal environments has uncovered significant QTL on the X-chromosome of D. melanogaster. Notably, two independent selection experiments have identified the same QTL in the shaggy gene region despite rather different genetic backgrounds and distinct selection regimes (laboratory natural selection vs. high-temperature knockdown: T AZ vs. T KD ). The specific alleles of the QTL marker that were increased in frequency in the highand low-selection lines of thermal knockdown experiment show parallel frequency differences between Maine (latitude 44) and Florida (latitude 25), suggesting that artificial selection in the laboratory has recapitulated some aspect of selection maintaining clinal variation in nature. In short, two selection experiments are better than one, and experimental evolution can be informative about a third line of evidence for evolution: clinal variation in nature.
The significance of these results is underscored by the contrast of the two experiments. Although temperature-sensitive performance was the target of selection in both cases, the standing pool of genetic variation and the specific phenotypes selected upon were very different. The T AZ lines, derived from reciprocal crosses between two inbred lines, should have high heterozygosity but low allelic diversity (∼2 alleles per locus, 1 allele each from the two founding inbred lines from Arvin California or Zimbabwe). The T KD population should have relatively high heterozygosity and high allelic diversity for alleles common in California populations. The T AZ population was allowed to recombine in laboratory populations for ∼40 generations, but this should still have higher levels of linkage disequilibrium than the wild population used in the T KD experiment. Data from the microsatellite mapping experiments confirm these expectations: only two alleles were found at all but one locus in the T AZ samples and multiple alleles were found at each locus in the T KD . Moreover, linkage disequilibrium was complete between the adjacent markers SGG and DMZW in the T AZ population, but these markers showed no clear linkage association in the T KD population. Because North American and African populations of D. melanogaster are differentiated for a variety of genetic markers (Hale and Singh 1987; Singh and Rhomberg 1987; Begun and Aquadro 1995; Anderson et al. 2008) , the functional variation in the T AZ and the T KD population is likely to be quite distinct.
In the T AZ populations, the phenotype of selection was overall competitive ability in population cages, maintained at different temperature (18
• C vs. 28
• C). Since this comprises all aspects of fitness across the life cycle, including egg-to-adult development time, mating speed or proficiency, and fecundity, it is hard to identify the specific target of selection. The T KD experiment involved 25% truncation selection for different temperatures at which flies lost the ability to hold on to an inclined surface in the range of ∼37 • C to 42
• C. The selection protocol did not involve reproduction per se, because all flies in the 25% tail that was selected were allowed to re-mate and leave offspring. Thus, the T KD selection is more sharply focused on physiological traits related to adult high-temperature thermotolerance. We further acknowledge that both assays may have involved selection on desiccation or other stress-related traits, even though temperature was the focal manipulation. It is thus quite surprising that the T AZ and T KD experiments would uncover any QTL in common. As shown in Figures 1 and 2 , mapping data uncovered QTL that are unique to each experiment (DROMHC, DROTROPI1, DROABDB). These QTL are certainly of interest for future experiments, and given the low resolution of our mapping data, may be independent evidence for the broad thermal QTL reported for the second and third chromosome of D. melanogaster (Anderson et al. 2003; Norry et al. 2004; Morgan and Mackay 2006; Vermeulen et al. 2008a) . But taken together, two more general questions emerge form the current study: why are X-linked thermal QTL in common, and what functions linked to the SGG marker might be strong candidates for thermal selection?
WHY X-LINKED THERMAL QTL?
Recent QTL mapping studies have identified thermal QTL in D. melanogaster, but X-linked regions appear underrepresented and none of the studies has identified QTL in band 3 as we report here (Morgan and Mackay 2006; Norry et al. 2007 Norry et al. , 2008 Vermeulen et al. 2008a) . One possible explanation for this discrepancy is the random sampling of alleles that is inherent in QTL mapping experiments. If a single pair of parental lines is used, allelic variation is very limited and will not capture most functional variation segregating in nature. It may simply be good luck that the two sets of lines we happened to use in our experiments carried meaningful functional variation on the X-chromosome, and even carried the same QTL in the band 3 region. A second possible explanation for the greater evidence for X-linked QTL in our study is that the phenotypes we studied were particularly sensitive to recessive variation that may have been exposed in males. The hemizygous state of males could allow expression of thermally sensitive traits that were masked in females, and some aspect of our laboratory natural selection (T AZ ) or knockdown selection (T KD ) drove a response in males. There are significant differences between males and females in thermotolerance phenotypes as well as in the induction of Hsp70 and Hsc70 (Folk et al. 2006) . However, the difference between High and Low T KD populations is only significant in females (Folk et al. 2006 ). Thus, it seems unlikely that the X-linked map location of our QTL was due largely to exposure of recessive thermally sensitive phenotypes in males.
ARE THERE GOOD CANDIDATE GENES IN BAND 3?
Hitchhiking mapping studies in D. melanogaster have implicated the genomic region near band 3 as possible sites of selective sweeps associated with colonization out of Africa (Harr et al. 2002; Pool et al. 2006) . From the Harr et al study, the period or syntaxin4 genes become promising candidates. Studies have indicated that the period locus is under clinal selection related to temperature, and that the Thr-Gly repeat region is a potential target of selection within period (Sawyer et al. 1997 (Sawyer et al. , 2006 . In our mapping populations, neither period nor syntaxin4 provides as compelling support for the target of selection as does the SGG marker. Moreover, the Thr-Gly repeats do not show clinal variation in Australia in our samples. The DMZW marker, which maps to the 3 end of the SGG locus less than 500 bp to the right of the SGG microsatellite, also shows significant but inconsistent differentiation between High and Low T KD populations (Figs. S2 and  3) . The robust evidence for selection at the SGG marker compared to the closely linked DMZW and per repeats raise the possibility that a recombination event occurred during the selection process that separating markers with inconsistent patterns (DMZW and period) from selected markers (SGG) in the shaggy locus. This could also explain the evidence for differentiation at the Syx4 marker further to the right (proximal) on the X-chromosome (see Figs. S2 and 3) .
To the left (distal) along the X, markers localize the breakpoint as a maximum of 300 kb away in chromosome band 2F4 where no differentiation is evident. A marker closer to SGG at band 3A7, ∼30 kb to the left of shaggy shows significant allelic differentiation between High and Low lines, but the inconsistent pattern among the High replicates raises questions about whether the marker was influenced by selection. Between the 2F4 and SGG markers are ∼30 genes with varied functions (see Fig. S2 ). One notable gene is pdfr, a G-protein coupled receptor identified as the Drosophila pigment dispersing factor (PDF) receptor. PDF is a neurotransmitter that is required for normal circadian activity rhythms (Yoshii et al. 2009 ), and may have functional connections to the activity of period and shaggy.
The shaggy gene is a serine-threonine kinase that is involved in the regulation of the circadian clock by phosphorylating the TIMELESS protein and promoting the nuclear localization of the TIMELESS/PERIOD heterodimer (Martinek et al. 2001) . Shaggy is also a homolog of glycogen synthase kinase-3 (GSK-3) that phosphorylates heat shock factor-1 (HSF-1), which regulates the expression of heat shock proteins. Thus, shaggy itself remains a very strong candidate for the target of selection in our experiments.
WHAT IS THE CONNECTION BETWEEN PHOTOPERIODISM AND THERMOTOLERANCE?
Within the limits of resolution provided by the current mapping data, it is noteworthy that the region carries three genes involved in circadian rhythms (pdfr, shaggy, and period). Shaggy's function in the regulation of heat shock proteins provides and logical phenotype for the action of selection. HSF-1 is maintained as an inactive monomer by phosphorylation and the SGG protein is a source of this kinase activity. When de-repressed, HSF-1 trimerizes, enters the nucleus and initiates transcription of Hsps. Overexpression of SGG (or its homolog GSK-3beta) can reduce the transcriptional activity of HSF-1 and Hsp protein levels (He et al. 1998 ). If our T KD selection acted upon varied levels of Hsps, then this could have been mediated though variation in the ability of SGG alleles to keep HSF-1 in the inactive state. It is not clear whether this would be a polymorphism affecting the protein or the expression of various shaggy transcripts (at least 13 transcripts and polypeptides are known (see flybase.org). A test of this prediction would be to examine the expression levels of shaggy transcripts under conditions similar to the knockdown assay used for the selection experiments. This work is underway and will be reported elsewhere.
It is also possible that our selection experiments acted indirectly on functions related to the perception of photoperiod. Although we did not manipulate photoperiod in our experiments, a connection between photoperiod, temperature, and clinal variation has long been recognized (Bradshaw and Holzapfel 1977; Pittendrigh et al. 1991) . Indeed, pdfr, shaggy, and period could all have been involved in the response to selection based on the known relationship between temperature compensation and the clock cycle in Drosophila. Flies can maintain normal circadian activity profiles at different temperatures (Zimmerman et al. 1968) , and period plays a role in this regulation (Sawyer et al. 1997) . Flies maintained in constant darkness still show circadian activity patterns, but these are reduced significantly in constant daylight. However, the circadian rhythms can be restored in constant daylight if temperature cycles are imposed (Yoshii et al. 2005) . Notably, PDF is critical in adjusting the cycle to different stimuli (Yoshii et al. 2009 ). Transcription of the period locus is regulated by negative feedback system involving the PER protein itself and, in part, its regulation by SHAGGY (Young and Kay 2001) . The regulation of splicing of period RNAs is temperature dependent and is associated with temperature dependent adjustment in the period of evening activity (Chen et al. 2007 ). The various mechanisms of the clock system suggest that it is important in adaptation to the variety of environmental variables that change on daily and seasonal scales (Stoleru et al. 2007 ).
Together, the apparent coincidence of genes associated with photoperiodism in the QTL region we have uncovered by artificial selection on thermal traits supports existing studies that are pursuing such a connection (Bradshaw and Holzapfel 1977; Bradshaw et al. 2003 Bradshaw et al. , 2004 . Gene expression profiles in Drosophila thermal selection lines have uncovered an excess of phototransduction genes being upregulated (Nielsen et al. 2006) . Photoperiodism and phototransduction are not the same process, but the connection to thermal stress suggests an important functional overlap. Studies in plants have revealed clear associations between genes involved in the perception of photoperiod, flowering time, and clines tracking latitudinal or climatic gradients (Stinchcombe et al. 2004; Zhang et al. 2008) . For a small ectotherm such as Drosophila, where dealing with heat or cold stress requires upregulation of expensive chaperones such as Hsp70, perhaps the best cue a fly can have for when, and how much, of this defense system to marshal is to measure the photoperiod. It would be inefficient to maintain constitutively high levels of Hsp70, and much more efficient to express this at the time of day, or season, when it is most needed. Short day lengths occur in colder winter months and long day lengths in hotter summer months, so an adaptive prediction is that the expression of Hsp70s, other chaperones, or diapause states would be tuned to the predicted temperature range that is correlated photoperiod Tauber et al. 2007; ). Although the current study cannot establish these relationships, it provides strong set of candidates for testing hypotheses about the parallel pathways that regulate fitness in variable environments.
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